Background and objectives Recent studies evaluated the prevalence of hyperkalemia and related risk factors in patients with CKD of various stages, but there is limited relevant information in predialysis patients. This study aimed to examine the prevalence and factors associated with hyperkalemia in the structured environment of a low-clearance clinic.
Introduction
Hyperkalemia is an established complication of reduced renal function in patients suffering from either CKD or acute renal failure (1, 2) , and it is long considered a potentially life-threatening condition because of the risk of ventricular arrhythmias and cardiac arrest when serum K+ is severely elevated (3, 4) . Although decreasing renal function and the associated interference with potassium excretion is a major cause for potassium elevation, in clinical practice, the development of hyperkalemia is usually the result of a combination of factors superimposed on renal dysfunction, such as diabetes mellitus with high glucose levels or hyporeninemic hypoaldosteronism, advanced stages of heart failure with accompanying reductions in renal perfusion, concurrent high-potassium diet, use of potassium-based salt substitutes, and use of medications interfering with potassium homeostasis like angiotensin-converting enzyme inhibitors (ACEIs), angiotensin receptor blockers (ARBs), aldosterone receptor antagonists, b-blockers, and others (5-7).
For several years, one of the main concerns of physicians treating patients with CKD was to balance between the undisputed benefits of ACEIs and ARBs toward renal function preservation in proteinuric nephropathies (8) and the associated risk of hyperkalemia with these agents (9, 10) . This issue became even more important because of the accumulating evidence suggesting the potential benefits of the ACEI/ARB combination or adjunct aldosterone blockade toward renoprotection (11, 12) as well as the data suggesting beneficial effects of medications that interfere with potassium homeostasis on other conditions commonly present in patients with CKD, such as the effect of aldosterone blockers on chronic heart failure or resistant hypertension (13, 14) or the use of b-blockers for cardioprotection and effective hypertension control (15) .
Because of the increasing complexity of the above field, recent studies have attempted to delineate the relationship between CKD and hyperkalemia. These studies estimated either the potassium levels and prevalence of hyperkalemia (among other CKD complications) with decreasing levels of renal function (16) (17) (18) or the incidence of hyperkalemia associated with CKD stage, medication use, and other hyperkalemic factors (19, 20) . However, relevant studies are relatively few and suffer from some limitations, such as the retrospective nature, the variable definitions of hyperkalemia, and the different type of analyses used. In addition, none of them have simultaneously assessed the effect of all factors previously suggested to interfere with potassium levels in individuals with CKD. Most importantly, there is a paucity in current literature on hyperkalemia and associated factors in predialysis patients not in the general population but followed in a structured nephrology environment, an issue that is perhaps more relevant to everyday clinical practice. Thus, the aim of this study was to examine the prevalence and potential determinants of hyperkalemia in a population of predialysis CKD patients, such as patients followed in a low-clearance clinic (LCC) of a tertiary university hospital.
Materials and Methods

Study Design and Patients
This is a cross-sectional study in patients with predialysis CKD under regular follow-up in the LCC of our department. The LCC generally accepts referrals from other nephrology clinics of patients with estimated GFR (eGFR) below 20 ml/min per 1.73 m 2 or anticipated start of dialysis within 1 year. It is a structured, multidisciplinary clinic aiming to optimize the care of patients with advanced CKD to prepare them for their preferred dialysis method or pre-emptive transplantation or offer them conservative treatment accordingly. Patients are seen in the clinic by nephrology physicians (specialists or registrars) or specialist nurses at intervals ranging from 1 week to 3 months. In routine practice, all laboratory tests obtained in the clinic are checked by the LCC staff on the same or next day; in addition, the central laboratory immediately informs the renal team of any case with serum potassium$6.5 meq/L. Patients with potassium$6.5 meq/L are contacted by phone by the department staff and asked to attend the local acute and emergency department for a repeat potassium check, electrocardiogram, and proper treatment, if necessary; patients with potassium between 6 and 6.5 meq/L are usually invited for a repeat check the following day and receive individualized treatment.
For the purpose of this study, we collected data at a single time point (i.e., at the first scheduled visit during a prespecified period of 4 months from May 15 to September 15, 2011) for all patients regularly attending the clinic, with the exception of those patients on the conservative care pathway who were being seen only in their own homes or in outreach clinics and not in the main clinic (to avoid the confounding effect of delayed potassium measurement at the laboratory on the study results).
At each regular LCC clinic visit, blood samples were drawn by a dedicated phlebotomist under a standard process within the outpatient clinic environment. During the study 4-month data-recording period, bloods were also delivered to the laboratory at regular intervals (i.e., every 1 hour) during the clinic running time by LCC staff.
Data Collection
All study data for each subject were recorded during the relevant clinic on the electronic clinical database of our department and a purpose-built data-collecting sheet. We collected routine data on demographics, cause of CKD, comorbidities (hypertension, diabetes, coronary heart disease, stroke, heart failure, liver disease, and history of malignancy), and blood biochemical parameters (potassium, sodium, bicarbonate, urea, creatinine, and others) for each participant. Furthermore, we captured information on use of medications that could interfere with potassium regulation, including ACEIs, ARBs, renin inhibitors, aldosterone blockers, b-blockers, thiazides, loop diuretics, nonsteroidal anti-inflammatory drugs or cyclooxygenase inhibitors, insulin and oral hypoglycemic agents, heparin, trimethoprim, pentamidine, cyclosporine, tacrolimus, digoxin, resin K+ exchangers, sodium docusate, lactulose, senna, and sodium bicarbonate.
In addition to the above data, to identify additional causes of hyperkalemia, the attending physician/specialist nurse recorded (at each prespecified visit) information on suspected causes that could possibly lead to acute on chronic renal failure within the past 4 weeks (dehydration/hypotension, infection/sepsis, postsurgery, postcontrast-related procedure, urinary obstruction, or other) as well as other possible causes of hyperkalemia within the last week (blood transfusion, crush injury, surgery, or other). Finally, at each study visit, our dietetics team recorded information relevant to the dietician input for each participant, including the date of the most recent assessment, the reason for referral (standard, hyperkalemia, or other), and the inclusion of potassium education and attempt for potassium dietary manipulation at that assessment. Dietary potassium manipulation was defined as possible when consumption of high-potassium foods was identified during the individualized diet assessment at the most recent dietician appointment, not possible when potassium-rich foods were not identified, and not applicable when dietary assessment for potassium was not performed in the specific appointment (i.e., performed previously and/or the appointment was for another reason).
Definitions
Hyperkalemia was defined as serum potassium.5.0 meq/L. Hypokalemia was defined as serum potassium,3.5 meq/L. In addition to the above conventional thresholds, we examined the percentage of patients with serum potassium levels$5.5, .5.5, $6.0, and .6.0 meq/L for reasons of relevance with nephrology clinical practice and comparison with previous studies. For the same reasons, we used the level of $5.5 meq/L for the univariate and multivariate analyses of factors associated with hyperkalemia.
GFR was estimated from serum creatinine levels with the use of the Modification of Diet in Renal Disease equation, which is described in ref. 21 .
Statistical Analyses
Statistical analyses were performed with Statistical Package for Social Sciences version 17.0 for Windows (SPSS Inc., Chicago, IL). Continuous variables are presented as mean 6 SD or median and range, and categorical variables are presented as absolute and relevant frequencies. In univariate analyses, clinical and laboratory parameters were compared for patients stratified by potassium levels using chi-squared or Fisher exact tests (categorical variables) and independent t or relevant nonparametric tests if necessary (continuous variables). In addition, multiple logistic regression analysis was performed to assess the association of several demographic and clinical characteristics with hyperkalemia. Variables were tested for interaction and included in the model if P,0.20 in univariate analysis. We report adjusted odd ratios with 95% confidence intervals (CIs). Probability values of P,0.05 (two-tailed) were considered statistically significant.
Results
Demographic and Clinical Characteristics
From a total of 317 active patients under regular followup in the LCC of our Department of Renal Medicine as of May 1, 2011, 72 patients were excluded, because they were on the conservative care pathway and regularly seen in outreach clinics or their own homes. Another three patients were not included, because they missed their clinic appointments during the prespecified follow-up period; additionally, three patients started dialysis, and one patient died before their clinic visit. Thus, the final study population consisted of 238 patients, and the clinical and demographic characteristics are shown in Table 1 .
Hyperkalemia Prevalence
The mean level of potassium in the population studied was 5.160.6 meq/L. The prevalence of hyperkalemia defined as serum potassium.5.0 meq/L in the overall population was 54.2%. Another 45.4% of patients had normal potassium levels (3.5-5.0 meq/L), whereas only one patient (0.4%) had potassium levels,3.5 meq/L. In addition, a total of 31.5%, Table 1 . Demographic, clinical, and routine biochemical characteristics of the total study cohort and patients with and without elevated potassium levels 26.5%, 8.4%, and 5.9% of patients had potassium levels$5.5, .5.5, $6.0, and .6.0 meq/L, respectively. The distribution of serum potassium levels in the population studied is shown in Figure 1 . Within the final study population, 37 patients were on the conservative care pathway but were routinely attending the main LCC clinic. The mean level of potassium in this subgroup was 4.960.5 meq/L (versus 5.160.7 meq/L in the nonconservative pathway patients; n=201, P=0.02). The prevalence of hyperkalemia defined as potassium.5.0, $5.5, and .5.5 in the conservative care patients was at 40.5%, 16.2%, and 8.1%, respectively; no patient in this subgroup had potassium levels$6.0 meq/L.
Factors Associated with Hyperkalemia
In univariate comparisons (Table 1) , individuals with serum potassium$5.5 meq/L were found to be slightly younger (64.2614.2 versus 67.1614.2 years) and more often males (66.7% versus 54.6%) compared with the individuals with potassium,5.5 meq/L, but the relevant differences did not reach statistical significance. The two groups also did not differ significantly with respect to time of follow-up in the LCC, ethnicity distribution, burden of comorbidities, or primary cause of kidney disease (although patients with high potassium were less likely to have hypertension as the primary cause). Body weight and BP levels were also not different between groups; however, systolic BP displayed a trend to lower levels in individuals with high potassium. As shown in Table 1 , there were important differences in routine biochemistry between the groups, with individuals with high potassium having significantly higher levels of urea, slightly lower eGFR, and lower serum bicarbonate levels. Table 2 depicts information on the use of medications that could interfere with potassium regulation. Although the percentage of patients with high potassium receiving a reninangiotensin-aldosterone system (RAAS) blocker was higher and the percentage of them receiving a thiazide or loop diuretic was lower than patients with normal potassium, the relevant differences did not reach statistical significance in univariate analysis. Similarly, the proportion of patients using b-blockers, insulin, oral hypoglycemic agents, and laxative compounds (including lactulose, senna, and sodium docusate) did not differ between groups. Thus, the only significant difference was the use of sodium bicarbonate, which was higher in patients with high potassium (65.3% versus 45.4%, P=0.008). Of note, none of the study subjects were receiving renin inhibitors, nonsteroidal anti-inflammatory drugs or cyclooxygenase inhibitors, heparin, trimethoprim, pentamidine, cyclosporine, tacrolimus, or resin K+ exchangers at the time of the study.
There were no differences between the two groups with regards to clinical suspicion of reasons that could have caused acute decline in renal function during the preceding 4 weeks, which was rather rare at the time of the study (Table 3) . With regards to RAAS blockers, no start or dose increase took place during that period. In addition, there was only one patient with a recent possible cause of hyperkalemia other than low renal function (resolving rectus sheath hematoma). With regard to the dietician input at the most recent appointment, hyperkalemia as a reason for referral was slightly more frequent in the high-potassium group. In addition, significantly higher percentages of subjects from the high-potassium group had received potassium education during the appointment and had an attempt for lowering of potassium intake in the diet, because relevant sources of potassium were identified.
We also performed multiple logistic regression analysis, including serum potassium$5.5 meq/L as the dependent variable and several demographic, clinical, and laboratory factors that were previously identified from univariate analyses as independent variables. As shown in Table 4 , advancing age and having diabetes or hypertension as the cause of CKD were associated with lower odds ratios of Figure 1 . | Distribution of serum potassium levels in the study population.
hyperkalemia, but the differences were of borderline statistical significance. Similarly, male sex, use of RAAS blockers, dietary potassium education, and potassium manipulation displayed nonsignificant trends of increased odds ratios of hyperkalemia. Thus, the only variables that were independently associated with higher odds of hyperkalemia in multivariate analysis were eGFR,15 ml/min per 1.73 m 2 (2.06; 95% CI=1.02-4.18), use of sodium bicarbonate (3.04; 95% CI=1.46-6.31), and unsurprisingly, referral to dieticians for hyperkalemia (10.9; 95% CI=1.04-115.2).
Discussion
The prevalence of hyperkalemia in this population was high. More than one-half of the patients had potassium levels above the conventional limit of 5.0 meq/L, and around onequarter of the patients had potassium levels.5.5 meq/L. Among the wide range of demographic, clinical, and laboratory characteristics studied, individuals with hyperkalemia displayed only nonsignificant trends toward younger age and higher proportions of males and RAAS inhibitor use. In contrast, even within a population where all individuals had a priori low renal function, a lower level of eGFR was a At the time of the study, dietician consultation had taken place for 159 of 165 and 74 of 75 subjects in the two study groups. b Dietary potassium manipulation was defined as possible when consumption of high-potassium foods was identified during the individualized diet assessment at the most recent dietician appointment, not possible when potassium-rich foods were not identified, and not applicable when dietary assessment for potassium was not performed in the specific appointment.
independently associated with high serum potassium. Use of sodium bicarbonate and dietician referral for hyperkalemia were also independently related to high potassium levels, but this finding most likely reflects inverse causation.
A few studies that examined the prevalence of various CKD complications with decreasing renal function also provided some data on hyperkalemia. In a cross-sectional analysis of retrospectively collected electronic medical records of 1216 individuals with various levels of renal function (17) , the prevalence of potassium.5 meq/L rose from about 10% to 18% and 22%, and the actual levels of potassium rose from 5.2 to 5.3 and 5.5 meq/L for subjects with eGFR=30-60, 15-30, and ,15 ml/min per 1.73 m 2 , respectively. In this study, however, patients with renal function,15 ml/min per 1.73 m 2 were a very small percentage of the study population (5.7%), and no information was provided on whether they were on replacement therapy. In a French cohort of 1038 outpatients with stages 2-5 CKD not on dialysis, the prevalence of hyperkalemia defined as serum potassium.5 mmol/L or treatment with ion exchange resin was 17% in the total population and around 42% in the subset of 184 individuals with eGFR,20 ml/min per 1.73 m 2 (18) , which is a finding close to our observations. A Japanese study analyzed retrospective data on the highest potassium levels of 9117 nephrology and diabetes outpatients and excluded patients on dialysis, with serum creatinine above 5 mg/dl, or using cation exchange resin or diuretics. Serum potassium was found to increase with serum creatinine levels; however, no direct comparisons can be made with our study, because subjects with creatinine above 3 mg/dl were only 0.6% of the population (16) .
Two other recent studies have examined the incidence of hyperkalemia in individuals with CKD. The first study was a posthoc analysis of the African-American Study on Kidney Disease (AASK), which included 1094 African-American nondiabetic adults with hypertensive CKD and eGFR=20-65 ml/min per 1.73 m 2 that were followed for 3.0-6.4 years. With hyperkalemia defined as serum potassium.5.5 meq/L during follow-up visits, a total of 80 events (1.2% of laboratory records) in 51 patients was identified (19) . Finally, the largest study of the field included a retrospective analysis of records of 245,808 individuals (including 70,873 individuals with CKD stages 3-5) hospitalized over 1 year in the Veterans Health Administration Hospitals in the United States; a total of 66,259 hyperkalemic events was captured (3.2% of total laboratory values) (20) .
To the best of our knowledge, our work is the first study of the field that is prospectively designed to simultaneously capture data on most known factors that could interfere with potassium metabolism in CKD patients. Among a wide range of parameters studied, in univariate analyses, individuals with high potassium had significantly lower eGFR and serum bicarbonate levels, and they were more often treated with sodium bicarbonate and had received dietary potassium education and manipulation. They were also younger, more often males, and more often treated with RAAS blockers, but these differences did not reach statistical significance. Previous studies have only assessed the possible effects of a smaller number of factors. In studies with cross-sectional analyses, the work by Takaichi et al. (16) observed serum potassium levels to be higher in patients with diabetes and patients using an ACEI/ARB up to serum creatinine of 2 mg/dl and not for groups with lower renal function; this study, however, is limited by the use of only creatinine values and the absence of multivariate analysis. In the aforementioned French study, the odds ratio of hyperkalemia in multivariate analysis was significantly higher for males and subjects using an ACEI/ARB, it was lower with increasing eGFR, and it was marginally lower for black individuals. Age, cause of CKD, diabetes, body mass index, and BP control did not show independent associations (18) . With regards to longitudinal studies, in multivariate analysis of the AASK study, the risk of incident hyperkalemia increased considerably with decreasing eGFR (patients with eGFR=20-30 ml/min per 1.73 m 2 had a 6.8-fold higher risk than those patients with eGFR.50 ml/min per 1.73 m 2 ) and use of ramipril (versus amlodipine or metoprolol). It was slightly higher with increasing age, and it was lower for females. BP, glucose, and body mass index levels and use of nonsteroidal anti-inflammatory agents at baseline did not affect hyperkalemia incidence (19) . Finally, in the Veterans study, low renal function was again the most potent risk factor of incident hyperkalemia (with patients with CKD stage 5 having an 11-fold higher risk than those patients with eGFR.60 ml/min per 1.73 m 2 ); use of ACEIs/ARBs and diabetes conferred a mildly elevated risk, whereas again, female sex was associated with lower risk (20) .
The results of our multivariate analysis showed similar patterns, with low eGFR being independently associated with hyperkalemia, and male sex and ACEI/ARB use suggesting an increased risk that did not reach statistical significance. The strong effect of low renal function on hyperkalemia development has been known for many years and is consistent through the literature (22, 23) . Similarly, hyperkalemia is a long-established side effect of ACEI/ARB as well as aldosterone blockers use that was noticed repeatedly in different settings (10, (24) (25) (26) . Interestingly, we noticed nonsignificant lower odds of hyperkalemia with increased age (as in the French study in ref. 18) , whereas most other studies have shown older age to slightly increase hyperkalemia risk (19, 20) . Although the slight differences noted in our multivariate analysis could be simply related to the smaller sample, which leads to lower power, it cannot be excluded that a number of factors in our study play an important role for true attenuation of the effect of RAAS blockade, sex, and age on potassium levels. For example, the study population in our study included only predialysis patients and was clearly different from the previous studies (the French cohort had only 18% of patients with eGFR,20 ml/min per 1.73 m 2 , the AASK study had no patients below that level, and the Veterans study had only 6.7% of total patients with stage 5 CKD) (18) (19) (20) . Furthermore, our cohort came from a different clinic environment with close follow-up of patients and use of standardized protocols of multidisciplinary care. Among these protocols, routine dietician support, including tailored potassium advice and attempts for dietary potassium manipulation after assessment of individual diets (including the diets of our African, Afro-Caribbean, and Indian populations, which sometimes contain high-potassium foods that can be missed if not specifically inquired about), may have played an important role in potassium homeostasis, as suggested by recent studies (27) . Finally, our analysis included a much larger set of variables that could have contributed to attenuation of previously observed relationships.
This study has strengths and limitations. It was carefully designed to capture a wide range of demographic, laboratory, and biochemical factors that could affect potassium levels. In addition, data collection included, for the first time, all medications that were known to interfere with potassium regulation, dietician input, and recent changes in clinical status that could affect potassium. Also, particular care was taken to standardize blood sampling and fast shipping of samples to the laboratory to minimize the occurrence of pseudohyperkalemia, which could interfere with the results. However, the analysis used a cross-sectional design, and thus, cause and effect associations between the factors examined and hyperkalemia could not be established; this finding is particularly relevant for the associations of sodium bicarbonate use and referral to a dietician for hyperkalemia, which are more likely the result of and not a cause for high potassium. Similarly, because of the cross-sectional design, we could not capture information on the reason for sodium bicarbonate prescription (acidosis or hyperkalemia) or whether ACEIs or ARBs had been previously discontinued because of hyperkalemia, thus attenuating any possible association. Furthermore, although patients were distributed across different categories of important variables (i.e., medication use), the study sample was modest for the number of variables included in the logistic regression analysis, and it could not be excluded that, with a larger sample, different associations may appear. This study was also a single-center study, and therefore, it is not clear whether the observed prevalence of hyperkalemia would generalize to other LCCs or practices. Finally, this project was not designed to evaluate the longitudinal associations of serum potassium with incident cardiac complications and death in predialysis patients. This field remains of major interest, as recent data support previous hypotheses that patients with advanced stages of CKD are less susceptible to hyperkalemia-associated cardiac toxicity than those patients with normal renal function, because their hyperkalemia is chronic and therefore, better tolerated than an acute increase in potassium levels (1, 20, 28) .
In conclusion, this study shows that hyperkalemia is very common in stable predialysis patients with CKD. Although a number of factors may be contributing to this high prevalence, it seems that, even at this low level of renal function, the actual eGFR is the most important factor associated with high potassium levels. Additional studies are needed to evaluate the clinical significance of elevated serum potassium for morbidity and mortality in this patient population.
